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A pentaquark model of the negative parity /1(1405) 

Takashi Inoue*) 
Sophia University, Tokyo 102-8554, Japan 

", We test a pentaquark model of the negative parity hyperon /l(1405). We use the model 

■ where valence four quarks and one antiquark move in a potential relativisticaly and interact 

' with themselves and each other through gluon and NG boson. We calculate mass shift of 

| the system and find that there are two yl(1405) with almost degenerate mass: one flavor 

singlet and one flavor octet. We calclate also cr-term and scalar form factor of the hyperon 
and show their usefulness to deduce the number of valence quark in the hypeon. 
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§1. Introduction 

The negative parity hyperon /l(1405)Soi is interested for many years and several 
interpretations are proposed. The most simplest one is so called P-wave excited 3- 
| quark system. Isgur and Karl studied such system with harmonic-oscillator wave 

function and one-gluon-exchange perturbation. While, Furuichi et al. studied it 
as a bound state problem. It turns out that it is difficult to reproduce mass of 
/1(1405) in this approach. The most popular scenario today is bound KN system or 
■ dynamically generated resonance in meson-baryon scattering. In this decade, mason- 

baryon coupled channel scattering are studied extensively. There, several baryons 
i-£h ' including 71(1405), are generated dynamically as a resonance or a quasi bound state 

which decay to open channels. Most of studies based on the chiral Lagrangian and 
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Oh. the Bethe-Salpeter equation. A lattice study shows that SU(3) flavor singlet 3-quark 

system with I(J P ) = 0(l/2~), cannot be so light as /1(1405). 



Besides these scenario, pentaquark is a possible interpretation of the hyperon. 
Here, pentaquark stands for a state with five valence constituents. In other words, 
it's quark number decomposition starts form \qqqqq) states. By today, we do not 
have established pentaquark. Indeed <9 + is a good candidate though it's existence 
is still questionable. Therefore, if vl(1405) is well described as a pentaquark, we 
encounter exotic pentaquark baryon for the first time. 

The irN cr-term is defined by a n N = (N\fo9x m u uu{x) + rriddd(x) \N) is a 
measure of violation of the chiral symmetry in the real world, and gives quark mass 
contribution to nucleon mass roughly. Important point is that cr-terms are very 
sensitive to number of quark involved in baryon, including sea-quark. In fact, sea- 
quark is so significant that it contribute more than 65% of the empirical value of the 
7T./V o"-term. The same nucleon matrix element but with finite momentum transfer 
is called scalar form factor ovjvCQ )■ 

We test the pentaquark picture of 71(1405). We study mass, cr-term and scalar 
form factor of /L(1405). Any cr-terms can be defined as the same as irN cr-term. 
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§2. Pentaquark model 

To make negative parity baryon with four quarks and one anti-quark, it is sim- 
plest to put all quarks and antiquark into the ground S-wave orbit, namely S-shell 
pentaquark. The whole system should be color singlet for QCD quark confinement. 
On top of that, 4-quark subsystem must be totally antisymmetric from the Fermi 
statistics. There are several flavor-spin configuration satisfying these conditions. We 
consider three configurations where 4-quark subsystem is 

([2,l,l] f , [3,l] s ) and ( [2, 1, l] f , [2, 2] B ) and ( [2, 2] f , [3, l] s ) (2-1) 

in flavor and spin respectively. With [211]f subsystem, pentaquark is flavor singlet 
with an antiquark. While, [22]f one leads flavor octet and anti-decuplet pentaquarks. 
A A hyperon is at center of octet. With [31] s subsystem, pentaquark can be both 
spin parity J p = l/2~ and 3/2~. We chose former one for 71(1405). In all, we have 
three pentaquark 71(1405), two flavor single and one octet. In conventional 3-quark 
approach, 71(1405) is made as flavor singlet, while in the chiral unitary model, one 
pole corresponding to 71(1405) is almost flavor octet. 1 ) At this stage, there is no 
specific quark correlation and no extra quarks in pentaquark. 

We consider valence quark localized by a potential S{r) — j°V(r), whose field 
is expanded in terms of bound states u a (x) and vp{x). We define unperturbed 
pentaquark states product of the ground states, 

|Pcnta)° = uq{x 1 )uq{x 2 )uq{xz)uq(x a )vq(x^) (2-2) 

and introduce a residual interaction by which valence quarks/antiquark emit and 
absorb perturbative gluon and pseudoscalar meson octet (NG boson) 

d = -twlgs-fA^x)^ + <?(r)i 7 5 ^}v>(*) (2-3) 

where the quark meson coupling term is made so that it recover the chiral symmetry 
broken by the scalar potential S(r). We set up perturbation where baryon matrix ele- 
ment of a local operator is calculated using the unperturbed state and the interaction. 
There, the interaction generates quark correlation and meson cloud supplementing 
baryon ie. extra quarks in baryon. This formalism is developed by Tubingen group 
for nucleon originally, and called the perturbative chiral quark model(PCQM). 2 ) 

First, we study mass spectrum of three 71(1405) in the present pentaquark pic- 
ture. Baryon mass is shifted by two origins in the present model: valence quark mass 
and the residual interaction. The former mass shift is given by 

SM A{14aS) ~ rh 7 (#u + #d + #u + #d) + m s 7s (#s + #s) (2-4) 

#u #d #s #u #d #s 
71(1405,1/) 4/3 4/3 4/3 1/3 1/3 1/3 (2-5) 
71(1405,8/) 3/2 3/2 1 1/2 1/2 

with quark masses m, m s and relativistic reduction factor 7, j s . As you see, the 
flavor octet 7l pentaquark has advantage compared to the singlet one. While, mass 



A Pentaquark model of A(1405) 
Table I. Mass shifts and cr-term of pentaquark /1(1405). 





SM A{1405) [MeV] 
rh,m s gluon meson 


val 


°"jt /1(1405) 
7T K 


[MeV] 
V 


Total 


4(1405,8/) 
71(1405, l f ,S 4q 
/1(1405, lf,S iq 


= 1) 
= 0) 


+159 
+248 
+248 


-572 -434 
-629 -489 
-528 -410 


20.5 
17.1 


31.5 2.3 
30.2 3.5 


0.24 
0.45 


54.5 
51.3 



shift by the residual interaction is evaluated perturbatively as 
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6M A{M05) ~ VE^y^i)d 4 xi...d 4 x„T[/: / (x 1 ).../: / (x n )]|yl)° (2- 

but we truncate it at second order of the interaction. 

Next, we study the following cr-term of /1(1405), namely 7r/l(1405) cr-term. 

^(1405) = m(A(1405)| fd 3 x{S^(x) + S P d CQM (x)} \A(U05)) (2-7) 



Here, Sj CQM (x) is the scalar density operator relevant to cr-term, which is derived 
from the model Hamiltonian instead of the QCD one, and given by 

n) = <w^w = Mx) + B + ^! + K+K - + w| ( , 8) 

for example. 2 ) The first term corresponds to valence quark, while the second term 
does meson cloud ie. sea-quark. Where, B is the low energy constant in the standard 
xSB scenario. The matrix element is evaluated perturbatively. 



§3. Results and discussions 



For numerical evaluation of diagrams, we use standard value of quark masses 
m = 7 MeV, m s = 25m, and low energy constants B = 1.4 GeV and F = 88 MeV. 
We use a potential localizing valence quark of linear S(r) = cr with c = 0.11 GeV 2 
and a constant V{r), for trial. Where, proton charge radius is 0.76 [fm] at tree level, 
and the reduction factors are 7 = 0.73 and 7 S = 0.79. For internal quark line, we use 
propagator in the potential but omit excited states for simplicity, and z-diagram to 
avoid double counting with meson. For gluon propagator, we use dressed one with 
the running coupling of the form by Maris and Robers but low momentum part is 
fitted to N-A mass difference. 

Table U center column shows obtained mass shifts. As noted before, concerning 
valence quark mass, the flavor octet one has lower mass of 89 MeV compared to 
the singlet one. While, regarding to interaction, the flavor singlet one with spin one 
4-quark subsystem is energetically favored by 112 MeV compared to the octet one. 
The another singlet one with spin zero 4-quark subsystem is not favored energetically 
at all compared to others. Therefore, we have two ^1(1405) with almost degenerate 
masses in this model: one singlet and one octet. This point agrees with a consequence 
of the chiral unitary model. ^ 
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Fig. 1. Obtained scalar form factor of 4.(1405). 

In the present model, the nN cr-term is obtained as a^N = 15.4 + 34.5 + 0.95 + 
0.03 = 50.9 MeV with valence quark and tt, K, 77-induced sea-quark contributions 
respectively, We see that it well agrees with empirical value and pion induced sea- 
quark is most important. Table [J right column shows obtained ttA cr-term. We see 
that it is almost same as the ttN one. Since number of u, d valence quark in octet 
one is 4 instead of 3, the valence contribution increase by factor 4/3. While, number 
of pion loop is a little less than nucleon case, and the decrease of pion contribution 
cancel the increase of valence one. Number of K and rj diagram is much more than 
nucleon case due to valence s quark in A hyperon. But, their magnitudes are tiny 
and do not increase the total cr-term much. This large cr-term more than 50 MeV 
clearly shows that the present pentaquark is more than \qqqqq). 

Fig. [T] shows obtained 7ryl(1405) scalar form factor, where valence and meson 
partial contributions are also shown. 3 ) We see that meson cloud or sea-quark contri- 
bution disappear rapidly at finite Q 2 , and the form factor at Q 2 > 0.5 [GeV 2 ] is dom- 
inated by valence quark contribution. This means that we can deduce information 
about number of valence quark by seeing scalar form factor at finite recoil. For exam- 
ple, the present pentaquark picture predict that the ratio 0- ir A(i4O5,8f)(Q 2 ) / a TrN(Q 2 ) 
at medium recoil is 4/3 due to the difference in number of valence quark. Although 
such data is not available today, this could be used to distinguish pictures of /1(1405) 
in future. For this aim, we need to invent way to access cr-term of the hyperon exper- 
imentally. Although we've studied only ttA cr-term in this paper, KA or rjA cr-term 
might be easier to access and/or more useful to study nature of the hyperon. 
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